The purpose of this study was to determine whether a dietary supplement consisting of L-selenomethionine, vitamin C, vitamin E succinate, ␣-lipoic acid and N-acetyl cysteine could improve the survival of mice after total-body irradiation. Antioxidants significantly increased the 30-day survival of mice after exposure to a potentially lethal dose of X rays when given prior to or after animal irradiation. Pretreatment of animals with antioxidants resulted in significantly higher total white blood cell and neutrophil counts in peripheral blood at 4 and 24 h after 1 Gy and 8 Gy. Antioxidants were effective in preventing peripheral lymphopenia only after low-dose irradiation. Antioxidant supplementation was also associated with increased bone marrow cell counts after irradiation. Supplementation with antioxidants was associated with increased Bcl2 and decreased Bax, caspase 9 and TGF-␤1 mRNA expression in the bone marrow after irradiation. Maintenance of the antioxidant diet was associated with improved recovery of the bone marrow after sublethal or potentially lethal irradiation. Taken together, oral supplementation with antioxidants appears to be an effective approach for radioprotection of hematopoietic cells and improvement of animal survival, and modulation of apoptosis is implicated as a mechanism for the radioprotection of the hematopoietic system by antioxidants.
INTRODUCTION
Exposure to ionizing radiation results in a deposition of energy in tissues that can damage cellular structures, including DNA (1) . The biological effects of ionizing radiation are mediated in part by free radicals. During radiation exposure, three parameters determine radiation toxicity: the total dose absorbed, the rate at which the dose is delivered and the quality of the radiation (1, 2) . Total-body irradiation (TBI) may result in a hematopoietic, gastrointestinal (GI) or cerebrovascular syndrome as well as multiple organ dysfunction depending on the total dose absorbed (1-4). Consequently, medical management of the acute radiation syndrome must address the associated risk of infection and hemorrhage (4) (5) (6) (7) .
Despite the devastating sequelae of TBI, there is currently a lack of prophylactic (radioprotective) or therapeutic agents that are safe, effective and approved for patient care (2, 5) . This medical concern is heightened due to the risk of radiological terrorism or radiation accidents (1, 3, 6, 8) . Protection or reconstitution of the hematopoietic and immune systems is a critical area of research in the development of radioprotectors and therapeutic agents (2, (5) (6) (7) . Nutraceuticals including vitamin C, vitamin E succinate, selenium, ␣-lipoic acid and N-acetyl cysteine (NAC), in addition to hematopoietic growth factors and cytokines such as stem cell factor (SCF), granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colonystimulating factor (GM-CSF) and interleukin 3 (IL3) are among agents that show hematopoietic radioprotective effects after TBI (2, (9) (10) (11) (12) . These various radioprotectors have commonly been evaluated in animal models as injection formulations.
A major consideration with injectable formulations of hematopoietic growth factors and cytokines is that they usually require trained personnel for administration before or soon after radiation exposure; this may not be feasible in many instances of radiation exposure. In addition, the ability to stockpile the hematopoietic growth factors and cytokines may be a limiting factor in the event of a massive radiological terrorist attack or radiation accident (4) . Furthermore, the prolonged administration of hematopoietic cytokines and growth factors is a concern for pro-inflammatory and immunogenic effects in addition to exhaustion of the hematopoietic stem and progenitor cell reservoir (4, 11, 13) .
Antioxidant vitamins offer several advantages over other potential radioprotective agents. They are readily available and have low toxicity over a wide dose range; they can be administered orally; they are effective in attenuating numerous radiation-induced phenomena such as chromosomal 385 RADIOPROTECTIVE HEMATOPOIETIC EFFECTS OF ANTIOXIDANTS DNA damage, mutagenesis, transformation and the formation of clastogenic factors (14) (15) (16) (17) . It was shown that the bone marrow of mice is depleted of endogenous vitamins C and E after TBI at doses as low as 50 cGy within 24 h (18) . Depletion of vitamins C and E coincided with increased markers of oxidative cellular damage in the bone marrow (18, 19) . Irradiation with 3 Gy resulted in repletion of endogenous vitamin C and E levels in the bone marrow 1 week after exposure; however, no recovery was observed after 6 Gy TBI (18) . Therefore, repletion of antioxidant vitamins in the bone marrow, particularly in the myelosuppressive dose range, may be a putative therapeutic target for radioprotection or recovery of the hematopoietic system after exposure to ionizing radiation.
Hematopoietic recovery after TBI is dependent on the presence of spared hematopoietic stem and progenitor cells in the bone marrow (4) . The hematopoietic stem cell niche components in the bone marrow, including osteoblasts, regulate stem cell cycling and are important targets in effecting bone marrow recovery after radiation-induced myelosuppression (11, 20) . Therefore, protection of various cell types exposed to radiation through antioxidant supplementation is an approach that could potentially increase hematopoietic cell survival or recovery after TBI.
Our previous studies have shown that exposure of human epithelial cell lines in vitro to various types of ionizing radiation [␥ rays, X rays, protons and high-atomic number and high-energy (HZE) particles] induces oxidative stress which is abolished by an antioxidant combination containing L-selenomethionine (SeM), vitamin C, vitamin E succinate, ␣-lipoic acid and NAC (21, 22) . Likewise, we reported that TBI of mice and rats with ␥ rays, protons or HZE particles decreased the serum total antioxidant capacity within 4 h, which was prevented by dietary supplementation with antioxidants (23, 24) . The antioxidant combination was formulated to provide the equivalent of 2000 mg/day, 1000 mg/day and 400 g/day, which represent the upper limits of the RDA for vitamin C, vitamin E succinate and selenium, respectively (25) . Although there is no published RDA for NAC or ␣-lipoic acid, these thiol supplements were formulated according to effective doses determined previously for humans, 2400 mg/day and 1200 mg/ day, respectively (26, 27) .
The purpose of this study was to determine the efficacy of the previously characterized antioxidant supplement in improving the survival of mice irradiated with a potentially lethal dose of X rays. We hypothesized that dietary antioxidants could protect peripheral leukocytes and bone marrow cells from radiation-induced depletion as well as promote recovery of the bone marrow of irradiated mice. The results demonstrate that dietary antioxidants prevent peripheral neutropenia and bone marrow cell depletion after low-and high-dose TBI. Prophylactic and therapeutic oral administration of the antioxidant supplement significantly increased survival of animals exposed to a potentially lethal dose of radiation and had a protective effect on cells of hematopoietic origin.
MATERIALS AND METHODS

Animals
Male ICR mice aged 4-5 weeks were purchased from Taconic Farms Inc. (Germantown, NY). Animals were acclimated for 7 days in the University of Pennsylvania animal facility. Five animals were housed per cage with ad libitum access to water and food pellets. The animal care and treatment procedures were approved by the Institutional Animal Care and Use Committees of the University of Pennsylvania and the Brookhaven National Laboratory.
Survival Experiment
Upon acclimation, the animals were randomly assigned to the AIN-93G rodent (Control) diet or AIN-93G diet supplemented with SeM (0.06 g/g diet), ␣-lipoic acid (85.7 g/g diet), NAC (171.4 g/g diet), sodium ascorbate (142.8 g/g diet), and vitamin E succinate (71.4 g/g diet); the diets were obtained from Bio-Serv (Frenchtown, NJ). After 7 days, the animals were exposed to total-body X rays. Animals were maintained on their respective diets until they were killed humanely except where noted. One group of irradiated animals (AO → Control) was changed from the antioxidant diet to the control diet 4 h prior to irradiation and maintained on the control diet for the remainder of the experiment. Another group of irradiated animals (Control → AO) was changed from the control diet to the antioxidant diet 2 h after irradiation and maintained on this diet for the remainder of the experiment. Animals were evaluated twice daily after irradiation. Moribund animals were euthanized.
Irradiation
Total-body irradiation of animals was performed with an orthovoltage Philips RT-250 irradiator, 225 kVp X-ray source (University of Pennsylvania) operating at 15 mA and filtered with 0.2 cm copper. The animals were restrained in holders and exposed to TBI at a dose rate of 3.4 Gy/ min for total doses of 1, 6 and 8 Gy. For determinations of bone marrow cellularity, animals were exposed to 1 Gy total-body ␥ radiation at a dose rate of 5 cGy/min or 7 Gy at a dose rate of 35 cGy/min using a cesium-137 source (Controlled Environment Radiation Facility, Brookhaven National Laboratory, Upton, NY). Sham-irradiated animals were restrained similarly. All animals were weighed prior to irradiation. After irradiation animals were returned to the animal facility.
Peripheral Hematopoietic Evaluations
Some animals were killed 4 h and 24 h after irradiation for peripheral complete blood cell (CBC) analyses. Some moribund animals that received 8 Gy X rays in the 30-day survival experiment underwent CBC analysis when they were euthanized. Animals were killed by CO 2 asphyxiation followed by cardiac puncture under sterile conditions. Blood was collected in Eppendorf tubes containing 20 U of heparin and kept at ambient temperature. A 50-l whole blood aliquot per animal was diluted with 200 l 5% BSA in PBS and analyzed with an ADVIA 2120 Hematology System (Bayern Diagnostic, Dublin, Ireland).
Blood Culture
Moribund animals were euthanized by CO 2 asphyxiation followed by cardiac puncture under sterile conditions. The blood specimens were immediately transferred aseptically into 20-ml bottles of BBL Septi-Chek medium with trypticase soy broth or brain heart infusion (Becton Dickinson, Cockeysville, MD). The bottles were kept at ambient temperature in the dark until submission to Antech Diagnostics (Lake Success, NY) for analysis.
FIG. 1.
Effect of antioxidants (AO) on mouse survival after 8 Gy TBI. Panel A: Male ICR mice were fed a control diet (n ϭ 15) or the diet supplemented with antioxidants (n ϭ 15) for 7 days prior to TBI. The animals were maintained on their respective diets and observed for 30 days after TBI. Panel B: The survival of mice fed the control diet was compared to that of animals fed the antioxidant-supplemented diet for 7 days and transferred to the control diet 4 h prior to TBI (AO → Control, n ϭ 15) as well as that of animals fed the control diet for 7 days and transferred to the antioxidant-supplemented diet 2 h after TBI (Control → AO, n ϭ 15). The animals were maintained on the latter diets for the remainder of the 30-day observation period. Assessment of survival in irradiated animals fed the control diet was carried out twice; the results of only one of these experiments are shown.
Bone Marrow Cell Isolation, Quantification, RNA Isolation, and cDNA Synthesis
Tibiae and femurs were removed and the ends of the bones were cut bluntly. The bone marrow cavity was flushed with PBS using a sterile 22-gauge needle. The bone marrow was carefully resuspended to obtain a single cell suspension, aliquots were taken for cell counts, and the remaining cells were centrifuged at 1000 rpm for 10 min at 4ЊC, resuspended in RNAlater stabilization solution (Qiagen, Valencia, CA), and stored at Ϫ80ЊC. Bone marrow cellularity was determined in aliquots using a Coulter Counter. Total RNA was isolated using RNeasy Mini Kit (Qiagen). cDNA was synthesized using the Superscript II First Strand cDNA Synthesis System (Invitrogen, Carlsbad, CA) using 2 g Total RNA, then was diluted and frozen in aliquots and stored at Ϫ20ЊC.
Quantitative Real-Time PCR
Primers were designed using the default parameters of the Primer Express software v2.1 (PE Applied Biosystems). Primer sets were designed based on the relevant murine nucleotide sequences as deposited on GenBank and supplied by IDT (Coralville, IA). The primer sequences were as follows: BAX forward primer 5Ј-AGACACCTGAGCTGACCT TGGA-3Ј and reverse primer 5Ј-GAGACACTCGCTCAGCTTCTTG-3Ј; BCL2 forward primer 5Ј-TGCCACCTGTGGTCCATCT-3Ј and reverse primer 5Ј-GTGCAGCTGACTGGACATCTCT-3Ј; caspase 9 forward primer 5Ј-TCACGGCTTTGATGGAGATG-3Ј and reverse primer 5Ј-GAGGATGACCACCACAAAGCA-3Ј; caspase 7 forward primer 5Ј-ACAGCAACTCGGCCTGCTT-3Ј and reverse primer 5Ј-TTCCCGT AAATCAGGTCCTCTTC-3Ј; caspase 8 forward primer 5Ј-AAGGCAA TCTGTCTTTCCTGAAA-3Ј and reverse primer 5Ј-TCGGTTGCAGTC TAGGAAGTTG-3Ј; TGF-beta 1 forward primer 5Ј-TGGAGCAACAT GTGGAACTC-3Ј and reverse primer 5Ј-GTCAGCAGCCGGTTAC CA-3Ј; and HPRT forward primer 5Ј-GAAAGACTTGCTCGAGATGT CATG-3Ј and reverse primer 5Ј-CACACAGAGGGCCACAATGT-3Ј.
cDNA generated was amplified in Sybr Advantage qPCR Premix (Clontech, Mountain View, CA), consisting of a full-length Taq polymerase with a hot-start Taq antibody and SYBR Green I, by using an ABI 7500 Fast Real Time PCR System (PE Applied Biosystems). A sample volume of 20 l was used for all assays and contained a 1ϫ final concentration of SYBR Advantage Premix, 250 nM gene-specific primers, and 2 l cDNA template. Assays were carried out using the following protocol: stage 1, 95ЊC for 20 s, stage 2, 95ЊC for 3 s, 58-64ЊC for 34 s (depending on optimal annealing temperature), and stage 2 repeated for 40 cycles followed by the dissociation stage. A cycle threshold (C t ) was assigned at the beginning of the logarithmic phase of PCR amplification, and the difference between the C t values of the control and experimental samples were used to determine the relative expression of the gene in each sample. Relative expression levels were normalized to the constitutively expressed housekeeping gene hypoxanthinephophoribosyltransferase (HPRT).
Statistical Analysis
The CBC counts were compared between control and antioxidant treatment groups by a Student's t test. The Kaplan-Meier 30-day survival curves were compared using a log-rank test. The proportions of positive blood cultures between days 7-10 and days 11-19 after irradiation were compared by a 2 test. qPCR data were analyzed with one-way ANOVA followed by Bonferroni's post-hoc test or Student's t test. The statistical analyses were performed using Prism Version 2.01 statistical software (GraphPad Software, San Diego, CA). P Ͻ 0.05 was accepted as statistically significant.
RESULTS
Thirty-Day Survival of Mice after Total-Body Irradiation
The effects of dietary antioxidant supplementation on survival were determined in mice irradiated with X rays at a total-body dose of 8 Gy. Antioxidant supplementation initiated 7 days prior to TBI and maintained for the duration of the observation period was effective in improving survival ( Male ICR mice were fed a control diet or the diet supplemented with antioxidants for 7 days prior to TBI with 1 Gy. The animals were killed 4 h after TBI (control, n ϭ 4 and antioxidant, n ϭ 4) or 24 h after TBI (control, n ϭ 3 and antioxidant, n ϭ 3). Unirradiated control diet (n ϭ 4) and unirradiated antioxidant diet (n ϭ 4) groups were also analyzed. Panel B: Mice were irradiated with 8 Gy and killed at 4 h after TBI (control, n ϭ 4 and antioxidant, n ϭ 3) or 24 h after TBI (control, n ϭ 4 and antioxidant, n ϭ 4). Unirradiated control diet (n ϭ 4) and unirradiated antioxidant diet (n ϭ 4) groups were also analyzed. The bars are means Ϯ SD. Significant difference at *P Ͻ 0.05 or ***P Ͻ 0.0001 as analyzed by unpaired two-tailed Student's t test.
irradiated animals maintained on the control diet. The Control → AO treatment exhibited a significant survival benefit ( Fig. 1B , P ϭ 0.0057) with a hazard ratio of 0.37 (0.096-0.67). The AO → Control treatment also increased the survival of the irradiated animals compared to irradiated animals fed the control diet, although the increase was not statistically significant ( Fig. 1B , P ϭ 0.29). The 30-day survivals for the animals fed antioxidant-supplemented diets starting 7 days prior to TBI or 2 h after the irradiation were not significantly different (P ϭ 0.70). We observed that 6 Gy TBI with X rays resulted in 0/20 and 1/20 animal deaths in mice fed the control or antioxidant diet for 7 days prior to irradiation and maintained on these diets for the subsequent 30 days (data not shown).
Peripheral White Blood Cell Count 4 and 24 h after TBI
There was no significant change in total peripheral white blood cell count 4 h after 1 Gy TBI in mice fed either control or antioxidant-supplemented diets (Fig. 2) . At 24 h after 1 Gy TBI, animals fed the antioxidant-supplemented diet had significantly higher total white blood cell counts than the animals fed the control diet ( Fig. 2A , P ϭ 0.022), although both groups had lower counts than unirradiated animals. Irradiation with 8 Gy resulted in decreased peripheral white blood cell counts at 4 h and 24 h after TBI in both the control mice and those fed the antioxidant diets. Dietary antioxidant treatment was associated with higher total white blood cell counts at 4 (P ϭ 0.024) and 24 (P ϭ 0.0004) h after 8 Gy compared to the control diet (Fig. 2B) .
Peripheral Polymorphonuclear Cell Count 4 and 24 h after TBI
Irradiation with a dose of 1 Gy resulted in a significant increase in peripheral polymorphonuclear cell counts 4 h after TBI in animals fed the control diet ( Fig. 3A , P ϭ 0.0068). No increase in peripheral polymorphonuclear cells was observed 4 h after TBI in mice fed the antioxidant diets ( Fig. 3A , P ϭ 0.26). At 24 h after 1 Gy, a significant decrease in peripheral polymorphonuclear cell counts was observed in animals fed the control and antioxidant diets; however, mice fed the antioxidant diets had significantly more peripheral polymorphonuclear cells (Fig. 3A , P ϭ 0.0033). Exposure to 8 Gy resulted in a significant decrease in peripheral polymorphonuclear cell counts in animals fed the control diet at 4 h ( Fig. 3B , P ϭ 0.0077), and antioxidant supplementation completely prevented this decrease ( Fig. 3B , P ϭ 0.81). At 24 h, dietary antioxidants significantly attenuated the decrease in peripheral polymorphonuclear cells induced by 8 Gy (Fig. 3B , P ϭ 0.01). At 24 h after 8 Gy, the absolute neutrophil count was 450 Ϯ 80 cells/l in control animals and 800 Ϯ 200 cells/l in the animals fed the antioxidant diet. Unirradiated animals fed the control diet and antioxidant diet had absolute neutrophil counts of 1600 Ϯ 200 and 1400 Ϯ 300 cells/l, respectively.
Peripheral Lymphocyte Count 4 and 24 h after TBI
There was no change in peripheral lymphocyte counts at 4 h after 1 Gy in mice fed control or antioxidant diets (Fig.  4A) . At 24 h after 1 Gy, antioxidant supplementation was associated with significant attenuation of radiation-induced lymphocyte depletion (Fig. 4A , P ϭ 0.039). Antioxidant supplementation did not significantly attenuate radiationinduced lymphopenia at 4 or 24 h after 8 Gy TBI (Fig. 4B , P ϭ 0.69 and P ϭ 0.14, respectively).
Effect of Antioxidant Dietary Supplements on Radiation-Induced Bone Marrow Cell Depletion
Unirradiated animals fed the control or antioxidant-supplemented diets had comparable total numbers of bone marrow cells harvested from the tibiae and femurs (Fig. 5 , P ϭ 0.057). At 4 h after 1 Gy TBI, the total numbers of bone Male ICR mice were fed a control diet or the diet supplemented with antioxidants for 7 days prior to TBI with 1 Gy. The animals were killed 4 h after TBI (control, n ϭ 3 and antioxidant, n ϭ 3) or 24 h after TBI (control, n ϭ 3 and antioxidant, n ϭ 4). Unirradiated control diet (n ϭ 4) and unirradiated antioxidant diet (n ϭ 4) groups were also analyzed. Panel B: Mice were irradiated with 8 Gy and killed 4 h after TBI (control, n ϭ 3 and antioxidant, n ϭ 3) or 24 h after TBI (control, n ϭ 4 and antioxidant, n ϭ 4). Unirradiated control diet (n ϭ 4) and unirradiated antioxidant diet (n ϭ 4) groups were also analyzed. Bars show means Ϯ SD. Significant difference at *P Ͻ 0.05 or **P Ͻ 0.01 as analyzed by unpaired two-tailed Student's t test. †Significant difference at P Ͻ 0.01 compared to unirradiated control diet-fed group; corresponding irradiated antioxidant-fed group showed no significant (N.S.) difference from respective unirradiated antioxidant and control diet-fed group.
FIG. 4.
Effect of prophylactic dietary antioxidant (AO) supplementation on peripheral lymphocyte cell counts after low-and high-dose TBI. Panel A: Male ICR mice were fed a control diet or a diet supplemented with antioxidants for 7 days prior to TBI with 1 Gy. The animals were killed 4 h after TBI (control, n ϭ 4 and antioxidant, n ϭ 4), or 24 h after TBI (control, n ϭ 4 and antioxidant, n ϭ 3). Unirradiated control diet (n ϭ 4) and unirradiated antioxidant diet (n ϭ 4) groups were also analyzed. Panel B: Mice were irradiated with 8 Gy and killed 4 h after TBI (control, n ϭ 5 and antioxidant, n ϭ 4), or 24 h after TBI (control, n ϭ 4 and antioxidant, n ϭ 4). Unirradiated control diet (n ϭ 4) and unirradiated antioxidant diet (n ϭ 4) groups were also analyzed. Bars are means Ϯ SD. *Significant difference at P Ͻ 0.05 as analyzed by unpaired two-tailed Student's t test. marrow cells harvested from the tibiae and femurs were similar in animals fed the control and antioxidant-supplemented diets (Fig. 5) . At 4 h after 7 Gy, the difference in the total number of bone marrow cells for animals fed the control diet and for antioxidant-fed animals was statistically significant (Fig. 5 , P ϭ 0.01).
Gene Expression in Bone Marrow after TBI
Four hours after 1 and 8 Gy TBI, Bcl2 mRNA expression levels were decreased in control and antioxidant-fed animals compared to unirradiated controls (Fig. 6A) . Twentyfour hours after 8 Gy TBI, Bcl2 mRNA expression in mice fed the control diet returned to the level observed in unirradiated controls (Fig. 6A) ; however, in animals fed the antioxidant diet, Bcl2 expression significantly exceeded unirradiated control levels by tenfold (Fig. 6A , P Ͻ 0.001). Four hours after 8 Gy, Bax and caspase 9 mRNA expression were up-regulated sevenfold compared to control levels. Antioxidant supplementation significantly attenuated both Bax and caspase 9 mRNA overexpression at 4 h after 8 Gy TBI by twofold (P Ͻ 0.01) and fourfold, respectively ( Fig. 6B and C) . At 24 h after 8 Gy TBI, Bax and caspase 9 mRNA expression returned to the levels in unirradiated animals in both control mice and those fed the antioxidant diet ( Fig. 6B and C) . Four hours after 1 Gy, caspase 7 mRNA expression increased 20-fold in control mice and 14-fold in those fed the antioxidant diet (Fig. 6D) . Twentyfour hours after 1 Gy, caspase 7 mRNA expression levels FIG. 5. Effect of dietary antioxidant (AO) supplementation on bone marrow cell depletion after TBI with ␥ rays. Male ICR mice were fed a control diet or diet supplemented with antioxidants for 7 days prior to TBI with 1 Gy or 7 Gy ␥ rays from a cesium-137 source. Four hours after exposure, animals were killed. Both femurs and tibiae were flushed with PBS and marrow cellularity was determined with a Coulter Counter. n ϭ 3 animals in each group. **Significant difference at P Ͻ 0.01 by Student's t test.
returned to the level observed in unirradiated controls in both control mice and those fed the antioxidant diet (Fig.  6D) . At 4 h after 8 Gy, caspase 7 mRNA expression increased sixfold in control and antioxidant-fed animals compared to unirradiated controls (Fig. 6D) . Caspase 8 expression was decreased at 4 h after exposure to 1 and 8 Gy in control diet and antioxidant-supplemented animals compared to unirradiated controls (Fig. 6E) . At 24 h, caspase 8 expression returned to the level in unirradiated controls, with no difference between control and antioxidant-supplemented animals (Fig. 6E) . TGF-␤1 mRNA expression was significantly decreased by 98-99.5% at 4 h after 1 and 8 Gy in both control and antioxidant-fed animals (Fig. 6F) . At 24 h after 1 Gy, TGF-␤1 mRNA expression increased significantly by fivefold in mice fed the control diet, and this increase was abrogated by antioxidant supplementation to a level that was not significantly different from that in unirradiated controls (Fig. 6F) . At 24 h after 8 Gy TBI, TGF-␤1 mRNA expression in mice fed the control diet was significantly greater than that in mice fed the antioxidant diet (P ϭ 0.015, Fig. 6F ).
Peripheral Blood Counts and Blood Culture of Moribund Lethally Irradiated Animals
Moribund animals in both the control and antioxidantfed groups that were killed 2 weeks after 8 Gy TBI exhibited pancytopenia (Table 1) . Peripheral blood cultures were positive for enteric gram negative bacteria in 62% (13/21) of the animals examined (Tables 2). There were significantly more positive blood cultures (80%; 12/15) between 11 and 18 days after TBI than between 7 and 10 days after TBI (16%; 1/6) (P ϭ 0.0069).
Peripheral Blood Count and Bone Marrow Cell Recovery after Sublethal TBI
Peripheral blood counts. At 4 weeks after 6 Gy TBI, leukocyte counts were significantly higher in animals that received dietary antioxidants compared to those on the control diet. Total white blood cell counts were higher by 230% in animals supplemented with antioxidants than in animals fed the control diet (P ϭ 0.0052; Table 3 ). Antioxidant supplementation was also associated with 255% higher lymphocyte counts (P ϭ 0.048; Table 3 ), 257% higher peripheral polymorphonuclear cell counts (P ϭ 0.043; Table  3 ), and 159% higher platelet counts (P ϭ 0.0018; Table 3 ) compared to the animals fed the control diet. Red blood cell counts and hemoglobin content were similar between animals fed the antioxidant and control diets 4 weeks after 6 Gy TBI (Table 3) . At 8 weeks after 6 Gy, total white blood cell counts remained higher (by 175%) in antioxidant-supplemented animals compared to those fed the control diet (P ϭ 0.0078; Table 3 ). Lymphocyte counts were similar in mice fed the control and antioxidant diets at 8 weeks after irradiation. Peripheral neutrophil counts remained significantly higher in antioxidant-fed animals, by 264%, compared to those for mice fed the control diet (P ϭ 0.0011; Table 3 ), as were platelets, which were 200% of those of mice fed the control diet (P ϭ 0.0068; Table 3 ). Unlike the findings at 4 weeks after TBI, at 8 weeks after irradiation, red blood cell and hemoglobin concentrations were significantly higher in the mice fed the antioxidant diet (113% and 116% of those of mice fed the control diet, respectively; P ϭ 0.0021 and P ϭ 0.0047; Table 3) .
Bone marrow counts. Four weeks after 6 Gy, animals fed the antioxidant-supplemented diet had significantly higher numbers of bone marrow cells than animals fed the control diet (P ϭ 0.016; Fig. 7) .
Recovery of Peripheral Blood Counts in Animals Surviving a Potentially Lethal Dose of TBI
In animals that survived 8 Gy TBI, peripheral blood counts were assessed 8 weeks after irradiation and compared to those for age-matched unirradiated animals fed the control or antioxidant diet over the same period. Surviving irradiated animals fed the control diet had 36% of the total peripheral white blood cell count of nonirradiated control animals, while irradiated antioxidant-supplemented animals had significantly more leukocytes, which was equivalent to 60% of the total peripheral white blood cell count of nonirradiated controls (P ϭ 0.027; Table 4 ). Antioxidant supplementation in irradiated animals resulted in peripheral lymphocyte counts that were 49% of those of unirradiated controls, whereas in surviving irradiated animals fed the control diet, the peripheral lymphocyte counts were 24% of those of unirradiated control animals. The difference be-390 WAMBI ET AL.
FIG. 6.
Effect of prophylactic dietary antioxidant (AO) supplementation on mRNA levels of apoptosis genes and TGF-␤1 in bone marrow cells after TBI. Male ICR mice were fed a control diet or a diet supplemented with antioxidants for 7 days prior to X-ray exposure. mRNA transcription levels at 4 and 24 h after TBI were analyzed. All expression levels are normalized to HPRT and to the sham-irradiated control mice. Columns represent means Ϯ SEM (n ϭ 3). Panel A: ***P Ͻ 0.001; panel B: **P Ͻ 0.01 and †P Ͻ 0.001 compared to unirradiated control; panel C: *P Ͻ 0.05 compared to unirradiated control; N.S., nonsignificant difference compared to unirradiated control; panel D: **P Ͻ 0.01 and ***P Ͻ 0.001 compared to unirradiated control; panel E: *P Ͻ 0.05 by Student's t test, **P Ͻ 0.01 and ***P Ͻ 0.001 compared to unirradiated control by one-way ANOVA. Note. The data are means Ϯ SD with n ϭ 3. tween the animals fed the control diet and the antioxidantsupplemented diet was again statistically significant (P ϭ 0.00038; Table 4 ). By 8 weeks after TBI, peripheral polymorphonuclear cell and platelet counts were comparable in unirradiated control animals and irradiated surviving animals fed either the control or antioxidant diet (P ϭ 0.91 and P ϭ 0.59; Table 4 ).
DISCUSSION
The current study was undertaken to evaluate antioxidants as countermeasures against adverse biological effects induced by ionizing radiation. Dietary antioxidant supplements increased survival when administered as a preventative measure prior to radiation exposure as well as when given as treatment after radiation exposure. The administration of dietary antioxidants prior to the radiation exposure was associated with significant protective effects against radiation-induced leukocyte depletion in peripheral blood and bone marrow, suggesting that antioxidants may improve the survival of irradiated animals by attenuating the deleterious effects of radiation on the host immune system. Analysis of the expression of selected genes involved in the stress or death receptor pathways to apoptosis as well as TGF-␤1 in the bone marrow after radiation exposure demonstrated that dietary antioxidant supplementation was associated with abrogated pro-apoptosis gene (Bax and caspase 9) expression, increased anti-apoptosis gene (Bcl2) expression, and decreased expression of a gene (TGF-␤1) that encodes a protein known to inhibit bone marrow proliferation. These results implicate apoptosis as a key process that is modulated by antioxidants to attenuate the effects of radiation on the hematopoietic system and suggest a possible mechanism for improved survival.
We have previously demonstrated the preventive effect of antioxidants against radiation-induced oxidative stress in vitro and in vivo, which was measured by radiation-induced reductions of serum or plasma total antioxidant status in animals (21) (22) (23) (24) 28) . The present study assessed the hematopoietic radioprotective efficacy of an oral formulation consisting of SeM, ␣-lipoic acid, NAC, vitamin C and vitamin E succinate in vivo using animal survival and immune cell counts as the end points. Previous studies by others evaluated antioxidant agents individually or as injections because parenteral administration attains systemic antioxidant levels that bypass GI uptake regulation (15) . The present study demonstrated that orally administered antioxidants are also effective in protecting the hematopoietic system from the deleterious effects of ionizing radiation as well as in increasing survival.
Several studies have assessed the efficacy of hematopoietic cytokines and growth factors in affecting animal survival after TBI (4, (9) (10) (11) (29) (30) (31) . Because of their wide availability and easy administration, orally administered antioxidants represent an attractive therapeutic option that may be used alone or in combination with hematopoietic 392 WAMBI ET AL.
FIG 7.
Effect of dietary antioxidant supplementation on bone marrow cell recovery after 6 Gy TBI with X-rays. Animals were fed a control diet (n ϭ 5) or a diet supplemented with antioxidants (n ϭ 4) from 7 days prior to TBI until they were killed. Four weeks after exposure both femurs and tibiae were harvested and flushed with PBS. Bone marrow cellularity was quantified with a Coulter Counter. The data are means Ϯ SD. *P Ͻ 0.05 by Student's t test. Notes. The data are presented as means Ϯ SD with n ϭ 3-5 animals per group. *Significant difference at P Ͻ 0.05. **P Ͻ 0.01 compared to agematched controls as analyzed by Student's t test.
TABLE 4 Peripheral Blood Cell Counts 8 Weeks after 8 Gy TBI
cytokines, growth factors, antibiotics, fluids and supportive care in the event of a radiological disaster. A previous study found the combination of receptor-mediated signaling induced by SCF and free radical scavenging mediated by tempol to be synergistic in increasing animal survival after 9 Gy TBI (32) .
Our data indicate a highly significant effect of dietary antioxidants in the prevention of neutropenia after low-and high-dose TBI. At 4 h and 24 h after a potentially lethal dose of TBI (8 Gy), severe neutropenia (absolute neutrophil count Ͻ 500 cells/l) was observed only in irradiated animals fed the control diet. This finding suggests a mechanism by which antioxidant supplementation may affect immune function early after radiation exposure. In contrast, 4 h after 1 Gy TBI, animals fed the control diet demonstrated significant neutrophilia, consistent with past observations (33) . Interestingly, antioxidant supplementation completely abolished the neutrophilic response after 1 Gy TBI. This observation is further evidence that dietary antioxidants likely attenuate the radiation-induced inflammatory state, which results in neutrophil demarginalization (33) . For instance, in the thymus, neutrophils are recruited from the periphery after massive TBI-induced lymphoid apoptosis and prior to clearance of the apoptotic cells by macrophages (34, 35) . Such apoptotic tissue injury initiates an immune response that leads to neutrophil demarginalization and peripheral neutrophilia prior to tissue infiltration. Taken together, the lack of a neutrophilic response after 1 Gy TBI in animals supplemented with antioxidants could represent indirect evidence of attenuated systemic cell death by apoptosis after low-dose TBI with this treatment.
Dietary antioxidants were also effective in preventing peripheral lymphopenia associated with low-dose TBI but not high-dose TBI. This finding is not surprising since peripheral and lymphoid organ lymphocytes are among the most radiation-sensitive cells (33) and radiation-induced apoptosis in lymphocytes is thought to be mediated by different mechanisms at low (e.g., below 2 Gy) and high (e.g., 10 Gy) doses (36) . The observed attenuation of peripheral lymphopenia by antioxidants after low-dose TBI supports the concomitant observation of an abolished neutrophilic response with this treatment. It is likely that the radiationinduced signaling pathway leading to apoptosis in lymphocytes is not sensitive to modulation by antioxidants at the higher radiation dose.
Total-body radiation exposure is known to result in increased serum levels of cytokines including IL-1␤, IL3, IL6, G-CSF and Flt-3 (37, 38) . It has been shown that bone marrow recovery after TBI is mediated in large part by hematopoietic cytokines and growth factor release (20, (38) (39) (40) (41) . Several hematopoietic growth factors and cytokines have been demonstrated to generate reactive oxygen species (ROS) as part of their signaling cascade in hematopoietic cells, including stem cells (42, 43) . The role of ROS generation in bone marrow cell depletion, immune function and animal survival after radiation exposure is unknown. The mechanisms involved in the efficacy of the antioxidant treatment initiated after radiation exposure remain to be elucidated, particularly in the context of ROS signaling. It was reported previously that in vitro protection against radiation-induced micronucleus formation in human lymphocytes by vitamin C, vitamin E or ␤-carotene was more effective when antioxidants were added after the radiation exposure than before (17) . An in vivo study showed that vitamin C or vitamin E was equally as effective in reducing ␥-radiation-induced bone marrow micronucleus formation and chromosomal aberrations when given to mice 2 h before or after irradiation (44) . These two studies evaluated the protective effects of antioxidant vitamins only at radiation doses of 1 and 2 Gy. In the current study the protective effects of antioxidant vitamins were demonstrated for 1 and 8 Gy. Because of the unpredictable nature of a radiation accident or terrorist attack, the ability of antioxidant vitamins to be effective after radiation exposure may be of great benefit for the treatment of patients.
Since the survival of animals exposed to TBI in this study was dependent primarily on the ability of the bone marrow to recover, we assessed the effects of dietary antioxidants on peripheral blood counts at 4 and 24 h after irradiation and bone marrow gene expression changes at 4 h after irradiation. Evaluation of bone marrow cell counts was done at 4 h because peripheral blood count data indicated significant decreases in total leukocyte, neutrophil and lymphocyte counts at this time after 8 Gy TBI. It was expected that gene expression changes in cells of the bone marrow would be correlated with the observed changes in blood and bone marrow cell counts. In addition, 4 h was chosen because the onset of radiation-induced apoptosis of terminal lymphocytes and bone marrow progenitor cells is expected to occur within 4-6 h after TBI (16, 33, 45) .
We analyzed the gene expression patterns of selected members of the apoptosis stress pathway, Bcl2, Bax and caspase 9 (46) . We assessed gene expression for caspase 8, a member of the death receptor pathway to apoptosis, and caspase 7, an effector caspase downstream of the stress and death receptor pathways (46) . Likewise, we assessed the gene expression patterns of TGF-␤1, a known inhibitor of bone marrow recovery after exposure to ionizing radiation (47) (48) (49) .
We found significantly increased expression of Bcl2 mRNA in bone marrow cells 24 h after 8 Gy TBI in animals supplemented with antioxidants compared to animals fed a control diet. Previous reports showed a protective effect of endogenous or transgenic Bcl2 on death of lymphopoietic cells, including mature lymphocytes, after irradiation (50) . Furthermore, we observed a protective effect of dietary antioxidants on bone marrow cell depletion 4 h after 7 Gy TBI. It is possible that Bcl2 is involved in the protective effect of dietary antioxidants on radiation-induced bone marrow cell depletion.
Dietary antioxidants significantly attenuated the up-regulation of Bax and caspase 9 mRNA 4 h after 8 Gy TBI. These findings suggest that at potentially lethal doses of radiation, bone marrow cell apoptosis is a rapid phenomenon mediated by the stress pathway to apoptosis. While Bax and caspase 9 are involved in the stress pathway to apoptosis, activation of the death receptor pathway is thought to play a role in radiation-induced lymphocyte apoptosis (33, 36) . Antioxidant supplementation did not affect expression of caspase 8, the effector of the death receptor pathway, in unirradiated or irradiated animals. Because of the correlation in cell depletion between peripheral leukocytes and bone marrow cells after radiation exposure, it is possible that the inability of antioxidant supplementation to affect caspase 8 gene expression may explain the differential efficacy of dietary antioxidants in protecting peripheral neutrophils and lymphocytes from low and high radiation doses. Given the observed differences in caspase 9 and caspase 8 expression at 4 and 24 h after 8 Gy TBI, the relative contributions of the stress and death receptor pathways to apoptosis to the kinetics of bone marrow cell depletion after TBI require further elucidation.
Preliminary results of protein expression studies in bone marrow lysates indicate that dietary antioxidant supplementation is associated with decreased total p53 levels and decreased poly(ADP-ribose) polymerase (PARP) cleavage at 4 h after 1 and 7 Gy TBI with ␥ rays compared to animals fed the control diet (data not shown). PARP is cleaved by activated caspase 3 and is therefore a marker of apoptosis, while p53 activation is required for radiation-induced apoptosis in mature lymphocytes and lymphopoietic cells and is associated with DNA damage (51) (52) (53) (54) (55) .
These results implicate an anti-apoptosis effect in antioxidant-supplemented animals that was not observed in animals fed the control diet. Moreover, because lymphocytes and lymphopoietic cells are known to be very sensitive to radiation-induced apoptosis, it is likely that the observed protective effects of antioxidants on peripheral lymphocyte counts (1 Gy) and bone marrow cells (7 Gy) are partly mediated by anti-apoptosis mechanisms. These results are consistent with a prior in vitro study that demonstrated protection of lymphoblastoid cells from radiation-induced apoptosis by vitamin C, vitamin E or ␤-carotene (45) .
We observed that TGF-␤1 mRNA expression was nearly completely abolished at 4 h after 1 and 8 Gy TBI regardless of diet. However, at 24 h, dietary antioxidant supplementation significantly abrogated the increased TGF-␤1 mRNA expression after 1 and 8 Gy TBI. These findings are particularly relevant because TGF-␤1 is known to inhibit the ability of bone marrow progenitor cells to reconstitute the hematopoietic system after radiation-or chemotherapy-induced myelosuppression by inhibiting stem and progenitor cell cycle progression (47-49, 56, 57) . It is worth noting that a previous report showed no changes in TGF-␤1 mRNA expression in the bone marrow of mice 2-14 days after TBI with 7.75 Gy ␥ rays (58) . This discrepancy may be attributed to strain and sex differences in male ICR mice and female BDF mice that affect radiation sensitivity. In male ICR mice, the LD 50 after TBI is 7.55 Gy, whereas 7.75 Gy TBI is a sublethal dose in female BDF mice (58) (59) (60) . Furthermore, in the current study, we assessed gene expression within 24 h of radiation exposure, as opposed to the observations at 2-14 days after TBI in the study cited above. Nonetheless, the modulation of TGF-␤1 expression by antioxidants after TBI requires further study, because this cytokine is known to have effects on hematopoietic cell proliferation. While TGF-␤1 is thought to inhibit the growth of early hematopoietic progenitor and stem cells, it is thought to stimulate the growth of late hematopoietic progenitor cells (47, 57) .
In the present study, moribund animals that had been exposed to 8 Gy TBI exhibited a profound pancytopenia at the time of euthanasia. Necropsy revealed several pathological findings in animals fed both control and antioxidantsupplemented diets: cardiomegaly, hepatitis/cirrhosis of the liver, intestinal bleeding and subcutaneous bleeding, and severe orchitis (data not shown). Blood cultures were positive for bacterial growth in most samples analyzed, which is consistent with the expected compromised immune status of lethally irradiated animals (61, 62) . Nonetheless, hematopoietic death encompasses not only depressed immunity, which leads to infection and sepsis, but also thrombocytopenia-induced spontaneous bleeding and likely other incompletely characterized sequelae. In this study, as reported previously in other studies, gram negative enteric organisms were the predominant cause of bacteremia (61, 62) .
Survival of humans and animals after TBI is dependent in large part on the ability of the bone marrow to recover and overcome radiation-induced myelosuppression (1, 33, 63, 64) . Four and 8 weeks after sublethal and potentially lethal TBI, we observed higher peripheral blood leukocyte, platelet and bone marrow cell counts in antioxidant-supplemented animals compared to the animals fed the control diet. These findings suggest that antioxidant supplementation resulted in protection of hematopoietic stem cells at the time of the radiation exposure, thereby leading to increased recovery of the bone marrow and subsequently the peripheral blood counts. These findings are of clinical interest not only in the setting of a radiological accident but also in patients undergoing myelosuppressive treatment regimens for cancer. Current therapies to stimulate the bone marrow for this group of patients, including G-CSF, are administered through injections, are relatively costly, and may increase the risk of developing secondary malignancies such as AML or myelodysplastic syndromes (65) .
This report shows that oral administration of antioxidants is an effective countermeasure for the toxic hematopoietic effects of radiation at low and high doses. Dietary antioxidants likely attenuate the radiation-induced inflammatory response and hematopoietic cell death in the periphery and bone marrow, resulting in improved bone marrow recovery and animal survival. The molecular signals involved in these phenomena require further elucidation; however, apoptosis of hematopoietic cells may be involved.
